Mechanically isolated mesophyll cells of Zinnia elegans L. cv Envy differentiate to tracheary elements when cultured in inductive medium containing 0.5 micromolar a-naphthaleneacetic acid and 0.5 micromolar benzyladenine. The cells do not differentiate when cultured in medium in which the concentration of auxin and/or cytokinin has been reduced to 0.005 micromolar. Cells require an initial 24-hour exposure to inductive cytokinin and 56-hour exposure to inductive auxin for differentiation at 72 hours of culture. Freshly isolated Zinnia cells can be maintained in medium having low concentrations of both auxin and cytokinin for only I day without significant loss of potential to differentiate upon transfer to inductive medium. Initial culture for up to 2 days in medium having high auxin and low cytokinin, or low auxin and high cytokinin, allows full differentiation on the third day after transfer to inductive medium and potentiates the early differentiation of some cells.
Differentiated cells exhibit specialized structures and functions. During the development of a multicellular organism, a cell or tissue becomes "determined" when "its specialized fate (i.e. differentiated state) is fixed but the overt demonstration and realization of that fate has not yet become apparent" (14) (see also Refs 17 and 23) . Competence is defined as the capacity to respond to a developmental signal or inducer in a characteristic way (15, 16, 3 1) and is a prerequisite for determination. Sawhney and Greyson (23) have discussed the distinction between determination and "canalization," originally proposed by Waddington (26) (27) (28) . These authors describe determination as the initial state of commitment to a developmental fate. Determined cells are then progressively restricted (or "canalized") in their potential to differentiate along alternate developmental pathways, resulting in a more stable commitment to a single pathway (3, 23, (25) (26) (27) 30) . For example, tissue determined as floral organ primordium is canalized for development into stamen or carpel in Lycopersicon esculentum (23) .
Once a cell or group of cells is stably determined for a specific developmental fate, the fate of those cells will be the same whether or not the inducer of determination is present in the cells' environment (16, 17) . If the developmental fate of a plant tissue or organ is the same in situ, transplanted or in isolation (i.e., in tissue culture), that tissue or organ is said to be determined for that developmental fate (14, 15, 24, 32) . Similarly, cells induced for determination in vitro are determined for a developmental fate if that fate is the same whether the cells are transferred to a noninductive environment or maintained in the 'Supported by National Institutes of Health Training Grant 5-T32-GM07223- 12. inductive environment (3, 29) . Thus, the determined state must be stable enough to withstand the manipulations required to allow its detection (15, 18) . Though stable, the determined state is not irreversible (17, 18) .
The control of tracheary element formation in tissue cultures is an especially well-studied phenomenon that has provided much information regarding factors that may be important in vascular development in vivo (1, 12, 20) . Because of the developmental plasticity of cultured plant cells, the involvement of phytohormones in the induction of determination can be tested in appropriate in vitro systems (15) . Recent work suggests that auxin and cytokinin have different and temporally independent roles in the induction of xylogenesis in Helianthus tuberosus and Lactuca sativa explants (19, 21, 25) . In H. tuberosus and L. sativa cultures, the hormones not only promote early cell divisions that must occur for subsequent tracheary element differentiation but also induce differentiation per se. In the Zinnia system, exogenous auxin is required for both cell division and tracheary element differentiation, while exogenous cytokinin is required for tracheary element formation but not mitosis (10) . However, a high percentage of Zinnia cells differentiate to tracheary elements without prior cell division, and differentiation does not require a full round of DNA synthesis (5, 8, 9) . The influence of auxin and cytokinin on tracheary element differentiation is therefore independent of hormonal influence on cell division in the Zinnia system. We report here that, under the influence of auxin and cytokinin, cultured Zinnia mesophyll cells become determined for eventual differentiation into tracheary elements. We also report the minimal lengths of exposure to inductive concentrations of auxin and cytokinin required to result in the eventual differentiation of the culture. Finally, we examine the retention of the isolated cells' competence to differentiate to tracheary elements. In experiments testing retention ofcompetence to differentiate, freshly isolated cells were initially cultured in nb, Nb, or nB medium. Transfers were carried out at various times by allowing cells to settle in the flasks, removing noninductive medium with a Pasteur pipette, and replacing it with NB medium. Cells and tracheary elements were counted each day after transfer to NB medium.
MATERIALS AND METHODS

Plant
A second set of experiments was done to examine the time of commitment of Zinnia cells to differentiate to tracheary elements. Cells were first cultured in NB medium, then transferred to nb, Nb, or nB medium; transfers were carried out as described above except that an additional wash in noninductive medium was included to minimize carryover of inductive medium. Cells and tracheary elements were counted 72 h after first exposure to NB medium.
Medium-transfers were done in triplicate in each experiment, and entire experiments were repeated two or three times.
Correction for Fresh Medium Effect. We observed a "fresh medium effect," in which the transfer of cells from "conditioned" NB medium to fresh NB medium reduced the percent differentiation on day 3. By d 4, many cells that had been inhibited by exposure to unconditioned, fresh medium had gone on to differentiate, although recovery was not always complete. Because the inhibition conferred by the change of medium varied with time of transfer, it was necessary to determine the percent inhibition for each transfer time. We corrected for the fresh medium effect by comparing the percentage of differentiation in cultures transferred to noninductive medium with the percentage of differentiation in cultures transferred to fresh NB medium at each transfer time. "Mechanical controls," in which cells were manipulated in the same way without change of medium, showed no inhibition in their percentage of differentiation of d 3, indicating that physical disturbance did not contribute to the observed results. 
RESULTS
Time Course of Mesophyll Cell Differentiation into Tracheary Elements and Characteristics of Cells Cultured in Noninductive
Media. In inductive medium, the differentiation of Zinnia mesophyll cells into tracheary elements was rapid, synchronous and highly efficient (Fig. 1 (Fig. 2) . The percentage of tracheary elements was scored at a total culture time of 72 and 96 h.
In Figure 3 , the differentiation rates have been normalized to correct for the "fresh medium effect" (see "Materials and Methods"). Cells required 56 h exposure to inducer (i.e. the inductive concentrations of NAA and BA in NB medium) for substantial levels of differentiation at 72 h (Fig. 3a) . For differentiation in nB medium at 72 h, cells required an initial 56 h exposure to the inductive concentration of auxin in NB medium (Fig. 3c) . Cells maintained in nB medium and exposed to NB medium between 24 and 56 h of culture did not differentiate at 72 h (data not shown). By contrast, for substantial levels of differentiation in Nb medium at 72 h, cells had to be exposed to the inductive concentration of cytokinin in NB medium for only 24 h (Fig.  3b) . In addition, many cells initially cultured in NB medium for only 7 (Fig. 4) . Cells could be maintained in nb (Fig. 4f ). Up to 2 d of preculture in either Nb or nB medium allowed full differentiation on the 3rd d after transfer to NB medium (Fig. 4,  d and e) . No tracheary element differentiation was seen prior to d 3 if cells were put into NB medium immediately after isolation; however, initial culture in Nb or nB medium allowed the differentiation of some cells to tracheary elements on d 2 after first exposure to inductive levels of both phytohormones (Fig. 4, a  and b) . Early formation of tracheary elements was most pronounced in cultures maintained in Nb medium for 2 d before transfer to NB medium. Differentiation was complete in all cases on the third day after transfer to NB medium; longer culture times did not result in additional differentiation and invariably led to reduced percentage of tracheary elements due to the division of undifferentiated cells.
Our results indicate that (a) Zinnia mesophyll cells lose competence to differentiate unless exposed to inductive levels of both auxin and cytokinin for at least a critical time, (b) exposure to high levels of one of the hormones allows slightly prolonged retention of capacity to differentiate and permits the early differentiation of some cells, and (c) exposure to high levels of one hormone (in Nb or nB medium) must be followed by exposure to high levels of the other hormone (in NB medium) within 2 d for subsequent differentiation. There is, however, on aspect of the Zinnia culture system that makes it less than ideal for this type of study and which must be considered when interpreting the experimental results. Contrary to results reported by Burgess and Linstead (2), we have found that Zinnia cells condition the medium in which they are cultured and that this conditioning is important in achieving rapid and efficient tracheary element differentiation. We believe that the discrepancies between our observations may be related to differences in starting material and cell isolation protocol that result in different time courses of differentiation. Alternatively, the coating of agar-solidified medium the Burgess and Linstead use to prevent the adhesion ofsuspension cultured cells to culture dishes may serve as a reserve of conditioned medium. In our experiments, cells that are transferred from conditioned NB medium to fresh NB medium generally exhibit delayed and/or reduced levels of differentiation (Fig. 2) . The relationship between the time of transfer and the extent of delay and/or reduction in differentiation is not simple; the final percentage of differentiation is relatively insensitive to change of medium early in culture, but is quite sensitive after 24 h of culture.
Isolated Zinnia mesophyll cells exposed to NB medium for 56 h are determined for high levels oftracheary element differentiation at 72 h (Fig. 3a) . Determination requires an initial 24 h exposure to high cytokinin in the presence of high auxin and 56 h exposure to high auxin in the presence of high cytokinin (Fig.  3, b and c) . A significant proportion of cells exposed to high cytokinin for only 7 h and a few cells exposed to high auxin for only 46 h differentiated after a total culture time of 72 h. Discrepancies between final percentages of differentiation in cultures transferred to fresh inductive medium and those transferred to noninductive medium may be due to the nondifferentiation of some Zinnia mesophyll cells that require longer exposures to the inducers for determination.
Initial culture in Nb or nB medium allows early differentiation of some cells subsequently exposed to NB medium (Fig. 4, a Instead, initial culture in nB medium seems to shorten the exposure to inductive auxin concentrations in NB medium required for determination. Freshly isolated cells cultured in NB medium for 56 h are determined to differentiate to tracheary elements at 72 h (Fig. 3, a and c ) . Many cells cultured in nB medium for 24 h then cultured in NB medium between 24 and 72 h of culture differentiate by 72 h (Fig. 4b) . The 48-h period during which the cells are exposed to high auxin concentrations in NB medium is sufficient for both the determination and differentiation of some cells. Thus, the required exposure to inductive auxin in NB medium has been reduced from 56 h to less than 48 h. These results suggest that certain auxin-and cytokinin-specific responses might be initiated in Nb and nB medium, respectively, prior to transfer to NB medium. The initiation of a response to BA might increase the cells' capacity to respond to the NAA when it is finally present at inductive levels.
Our experiments do not address the questions of hormone uptake and carryover discussed by Phillips (21) and Minocha (19) . Auxin uptake is not limited at the pH ofthe culture medium used (22) , and uptake of the nonpolar BA should not be affected by pH. Our transfer procedure dilutes hormone levels in residual inductive medium to well below inductive concentrations. We cannot, however, rule out the possibility of hormonal carryover by cells transferred from inductive medium to noninductive medium.
Cultured Zinnia mesophyll cells rapidly lose competence to differentiate to tracheary elements when maintained in noninductive medium (Fig. 4, d-f . Loss of competence may indicate that the cells fail to maintain and/or synthesize auxin and cytokinin receptors required for response to the hormones. Alternatively, the internal physiology ofthe cells may have changed such that the cells, if still able to take up and bind hormones after preculture in noninductive medium, are unable to respond to the hormones in such a way as to allow tracheary element differentiation.
The present experiments indicate that Zinnia mesophyll cells become determined for tracheary element differentiation if cultured in inductive conditions soon after isolation. Determination is induced in the Zinnia system by exposing the cells to high cytokinin and high auxin concentrations for 24 h and 56 h, respectively. This induction scheme results in high levels of tracheary element differentiation at a total culture time of 72 h.
